Animals encounter fine-scale temporal patterns of odorant mixtures that contain information about the distance and number of odorant sources. To study the role of such temporal cues for odorant detection and source localization, one needs odorant delivery devices that are capable of mimicking the temporal stimulus statistics of natural odor plumes. However, current odorant delivery devices either lack temporal resolution or are limited to a single odorant channel. Here, we present an olfactory stimulator that features precise control of high-bandwidth stimulus dynamics, which allows generating arbitrary fluctuating binary odorant mixtures. We provide a comprehensive characterization of the stimulator's performance and use it to demonstrate that odor background affects the temporal resolution of insect olfactory receptor neurons, and we present a hitherto unknown odor pulse-tracking capability of up to 60 Hz in Kenyon cells, which are higher order olfactory neurons of the insect brain. This stimulator might help investigating whether and how animals use temporal stimulus cues for odor detection and source localization. Because the stimulator is easy to replicate it can facilitate generating the same odor stimulus dynamics at different experimental setups and across different labs.
Introduction
Animals encounter temporally complex olfactory stimuli: turbulences in the air disperse odor plumes into intermittent filaments that intermingle with filaments from different odor sources (Murlis 1992; Celani et al. 2014; Riffell et al. 2014; Soltys and Crimaldi 2015) . Wind and the movement of the animal itself transform the complex spatial pattern of odorant filaments into temporal patterns of changing odorant concentration and composition at the animals' olfactory organ. These temporal odorant patterns contain information about the distance of an odor source, as odorant intermittency (defined as the proportion of time when the odorant is absent) decreases with decreasing distance (Murlis 1992) . They also contain information about the number of odor sources when different plumes mix, as odor compounds from the same source exhibit more correlated fluctuations than odor compounds from different sources (Hopfield 1991) . Animals can use fast-changing temporal odorant patterns to discriminate between correlated and uncorrelated odorant fluctuations and to segregate mixed odors from different sources (slugs: Hopfield and Gelperin 1989; moths: Baker et al. 1998; Fadamiro et al. 1999; Nikonov and Leal 2002; Schuckel et al. 2008 ; honey bees: Szyszka et al. 2012; locusts: Saha et al. 2013; and crabs: Weissburg et al. 2012) .
The neuronal mechanisms of odor detection and source localization based on temporal stimulus cues are not well understood yet.
To study how the olfactory system processes temporal stimulus cues, one needs odor delivery devices that can mimic the temporal stimulus statistics of natural odor plumes with high temporal resolution and reproducibility. Precise temporal control over olfactory stimuli is technically difficult, because adsorption of odorants to the inner surfaces and dead volumes inside the stimulator low-pass filter the odor stimulus (Vetter et al. 2006; Martelli et al. 2013 ). Thus, olfaction is mostly studied using slow or temporally noncontrolled stimuli and in situations that lack background odors.
Odor delivery devices are usually custom-built, and each lab has constructed and optimized their stimulators with regard to certain experimental demands. Some designs have been tailored to produce mixtures of many different components (Galizia et al. 1997; Bodyak and Slotnick 1999; Olsson et al. 2011 ) or step-like or continuous changes in odor concentration (Burgstaller and Tichy 2011; Kim et al. 2011) . However, these designs lack temporal resolution. Other odor delivery devices focused on high temporal resolution to produce fluctuating odor plumes (French and Meisner 2007; Tripathy et al. 2010; Szyszka et al. 2014 ), but these devices are limited to a single odor channel. To our knowledge, there are currently no odor delivery devices that feature both high temporal resolution in the millisecond range and independent control of the dynamics of separate odor channels.
Here, we present a novel 3-channel odor stimulator that features high-bandwidth stimulus dynamics and independent control of the dynamics of 3 separate channels, of which 2 channels can be used to produce temporally complex binary mixtures as they occur in natural plumes and 1 channel serves as the blank control. The stimulator is easily reproduced with a computer numerical control (CNC) mill. We supply all needed technical drawings and computeraided design (CAD) files as well as electronic circuits diagrams for the valve control. The reproducibility of this stimulator will enable comparable stimulus dynamics in different laboratories. This might help to facilitate comparing studies of aspects of temporal olfactory processing.
Using this stimulator, we investigated how odor background affects the temporal resolution of antennal responses and demonstrate a hitherto unknown odor pulse-tracking capability of up to 60 Hz in third-order olfactory neurons in the mushroom body of the honey bee.
Materials and methods

Design rationale
Our goal was to construct a stimulator that can generate odor mixtures with precise control of the stimulus dynamics of the individual odorants. To achieve fast stimulus dynamics, we minimized all internal volumes and we built the entire stimulator of inert materials such as glass and polymer polyether ether ketone (PEEK) to reduce odorant-surface interactions wherever possible. To eliminate odorant concentration changes due to loading dead volumes, residual buildup pressure, and changes in the ratio between odor headspace concentration and carrier air in the odor container, we do not directly inject odorized air from a headspace reservoir into a carrier air stream. Instead, we first briefly flush this headspace to a waste exhaust ( Figure 1A ). This design feature is similar to that of the odor delivery device developed by Bodyak and Slotnick (1999) and increases stimulus reproducibility. Finally, the use of automated CNC milling in the manufacturing process eliminates as many manual construction steps as possible; thus, copies should perform with minimal variation.
Design description
The olfactory stimulator ( Figure 1B ) consisted of (i) a main body made from the organic chemically inert thermoplastic PEEK; (ii) 5 Figure 1 . Olfactory stimulator design. (A) Schematic of the mode of operation for a single-odorant channel and transistor-transistor logic (TTL) sequence for a single-odorant pulse. Each channel is independently flow controlled. Before stimulation, the flush valve is closed and the channel's flow (300 mL/min) is directed into waste. Five seconds before stimulation, the flush valve is opened, the air is odorized but still directed to waste at the main valve. For stimulation, the main valve is opened, and the odorized air is injected into the carrier air stream (1.5 mL/min). Simultaneous switching of a balance valve keeps the total flow volume equal. three-way solenoid valves (LFAA1208010H, Lee), of which 3 valves controlled the 3 channels usable for stimulation (main valves in Figure 1A , we used 2 odorized and 1 blank control channel), and 2 valves control blank air (balance valves in Figure 1A ) to balance the air flow when odorants were injected, (iii) 2 additional valves (LFAA1200118H, Lee; flush valves in Figure 1A , not included in Figure 1B ) to inject odorized air into the stimulator; (iv) digital air pressure control (35898; Analyt-MTC) and flow controllers (rotameter, 112-02GL [odor channel] and 102-05-N [carrier air]; Analyt-MTC); (v) 2 glass tubes as inlet and outlet; (vi) PEEK nozzles; and (vii) Teflon-lined tygon tubing (inner diameter 1.6 mm, Saint-Gobain) and Luer plugs and adaptors for connecting (see Supplementary Material for a parts list).
We chose the valve model LFAA120810H for the stimulator because of its small internal volumes and fast switching time (as low as 1.5 ms, according to the manufacturer's data sheet). We did not preselect the valves for temporal precision. All valves were operated with a custom-made spike-and-hold driver circuit to minimize opening time (see supplementary material).
The main body was a milled PEEK block that holds together all components such as the face-mounted valves and the mount. The carrier air stream entered the body centrally and passed through a mixing chamber into which the odorants were injected. The PEEK nozzle downstream the mixing chamber nozzles forced all air streams through a common small port (2 mm in diameter) before they entered the outlet tube to eliminate any spatially uneven odorant distribution at its exit ( Figure 1B) .
The stimulator was supplied with pressurized (1.5 bar), charcoal filtered, dry air. The air was split into 6 channels, the air flow of each channel was adjusted by a variable area flow meter (rotameter 112-02GL for the odor channel and 102-05-N for carrier air; Analyt-MTC). The 6 channels were 2 odor channels (300 ml/min per channel), 1 solvent control channel, 2 channels to equilibrate the total air flow, and 1 carrier air channel (1.5 L/min). The total flow was thus 2.1 L/min resulting to an airspeed of 1.2 m/s at the outlet.
The air waste exhaust was achieved by a tube (diameter 5 cm, placed 7 cm behind the outlet of the stimulator and the preparation) that draws the air into the atmosphere outside the building at a speed of 1 m/s. This prevents odor accumulation in the vicinity of the preparation after repeated stimulation. The waste exhaust ports of the stimulator were directly routed into this tube via tygon tubing.
The glass inlet and outlet tubes had different diameters (6 and 10 mm), and it is up to the user which side is used as inlet or outlet.
CAD and main body milling
The technical files were drawn using AutoDesk Inventor software (version 2014, AutoDesk) and machined on a 4-axis CNC mill at the mechanical workshop of the University of Konstanz. The CAD files of the main body, nozzles and additional mounting holders can be downloaded from https://github.com/grg2rsr/OlfactoryStimulator.
Quantification of stimulator performance
Time-resolved odorant concentration measurements were performed using a photoionization detector (PID; miniPID model 200A; Aurora Scientific). The inlet nozzle of the PID was placed centrally at the outlet of the stimulator, and the output voltage of the PID was digitized at 10 kHz (CED 1401, Cambridge Electronic Design). For all measurements, the PID gain was set to 1× and its suction pump was set to "high" to make sure the PID operates at its highest capable temporal bandwidth. The exact value of the PIDs bandwidth was unknown, but it is presumably larger than the bandwidth of our stimulator. The manufacturer's data sheet of the PID specifies the bandwidth limit at 330 Hz, and a rise time of 0.6 ms. However, these values were deduced from a calibration with the tracer gas propylene. Thus, observed odorant-specific differences in stimulus dynamics could partially be the consequence of their different molecular interactions within the PID.
To compare the kinetics across odorants, we normalized the responses to the average of the last 100 ms end of a stimulus for odor pulses or to the average of a central 10 s time window during a 20-s fluctuating stimulus.
For characterizing the kinetics of the rise and fall of the odorant concentration, we fitted a first-order exponential decay of the form:
to the onset and offset. The τ parameter was then used to describe the overall speed of the rise or fall.
PID calibration
We neglected the PIDs slightly saturating nonlinear response curve in cases where we did not make any absolute odorant concentration measurements. However, we needed to correct for this nonlinearity to be able to predict the mixed response from the individual channels response alone. This calibration procedure was carried out by fitting a second-order polynomial equation to the PID output voltage to known gas concentration inputs that were generated by dilutions from a known headspace concentration. The headspace concentration for 2-heptanone solved in mineral oil was obtained from Cometto-Muñiz et al. (2003); for details see supplementary Figure S1 .
Odorants
Methyl acetate, ethyl acetate, 2-heptanone, methyl butyrate, benzaldehyde, and 2,3-butanedione were purchased from Sigma Aldrich. For PID measurements characterizing the stimulator's performance, all odors were diluted (1:100, except for 2,3-butanedione, which was diluted 1:1000 to avoid saturation of the PID sensor) in 10 mL mineral oil (Sigma Aldrich) in a 120-mL headspace flask. The odorant solutions were continuously stirred with a magnetic stirrer to create an equilibrated headspace. Note that the stimulator works with any other odorant source, including air dilution systems.
Electrophysiological recordings
All electrophysiological recordings were performed with an MA102 amplifier equipped with a MA103 headstage (electronics workshop University Cologne). Analog-digital conversion was performed with a CED 1401 (Cambridge Electronics Devices). Electroantennograms (EAGs) were performed as described earlier (Szyszka et al., 2014) . In brief, an antenna of a honey bee was plucked off from the head capsule, cut at the base and tip of the flagellum, and placed between 2 silver electrodes covered in a lubricant (Hydrosensitive Gel, Ritex) to aid electrical contact. Afterward, the antenna was positioned at the outlet of the stimulator and subjected to the different stimulus protocols. The resulting voltage change was amplified ×1000, recorded in AC coupled mode (high pass at 0.15 Hz) and low-pass filtered at 5 kHz.
Local field potential recordings were performed by inserting a 23-µm, insulated copper wire (Elektrisola) into the vertical lobe of the mushroom body of a head fixed honey bee. As a reference electrode, a silver wire was inserted into the compound eye. The measured potential was amplified ×1000, low-pass filtered at 10 kHz, and recorded in AC coupled mode.
To eliminate electrical artifacts from the switching of the solenoid valves, we shielded the stimulator with a layer of grounded aluminum foil.
Data analysis
Data analysis was performed using the python language v. 2.7 and its numeric extensions numpy (version: 1.10.4; van der Walt et al. 2011) and scipy (version: 0.17.1; Jones et al. 2001) . Raw data from the Spike2.smr files was read by the neo library (version: 0.3.3; Garcia et al. 2014) . Power spectral densities were calculated using the periodogram function of the scipy.signal module, and coherences were calculated using the cohere and cohere_pairs function of the matplotlib.mlab module (version: 1.5.1; Hunter 2007), which follow the definition of the coherence of 2 signals being the squared magnitude of their cross-spectral density normalized by the product of the individual power spectral densities:
This gives a frequency-resolved measure of power transfer between 2 signals and is interpreted in our case as a measure of signal similarity. Coherence for identical signals is 1 and decreases for a given frequency band if either the amplitudes or the phases of the corresponding frequencies in the 2 input signals deviate. All analyses codes are available upon request.
Results
Pulse response
We first tested the stimulator's performance to square pulse stimuli, in which a valve was opened for the duration of 1 s (Figure 2A ). The resulting PID signals to 10 repeated stimulations were analyzed with respect to the reproducibility of the kinetics as well as the precision of the onset timing ( Figure 2B ). As reported previously (Martelli et al. 2013 ), different odorants exhibited slightly different kinetics, which can be attributed to different volatilities and interactions with the stimulator's internal surfaces. To take these inter-odorant differences into account, we tested a panel of 6 different odorants with vapor pressures ranging from 0.172 (benzaldehyde) to 216.2 mmHg (methyl acetate). We quantified the kinetics by fitting an exponential function to the onset and offset and extracted the τ parameter as a metric for the speed of rise (see Materials and Methods). These time constants were odorant specific and ranged from 19 to 50 ms across odorants for the onset and from 23 to 40 ms for the offset ( Figure 2B , Table 1 ). Within the individual odorants, the corresponding standard deviations (SDs) ranged from 1 to 4 ms. To determine the repeatability of the stimulus onset timing, we extracted the time point at which the PID signal rose above 5% of its final value. For all odorants, the delay of the PID signal onset occurred around 37 ms after the valve switch, with an average SD of 1.3 ms. This delay of the PID signal onset corresponded to the time that the odorized air needed to travel through the valves, internal routings and outlet tube, plus the internal delay of the PID itself.
Even though we controlled for pressure differences between the carrier air stream and the individual channels, a small concentration overshoot is persistent. The amplitude of this overshoot of the initial odorant concentration decreased with decreasing odorant volatility (Figure 2A) , and it did not affect the kinetics of fluctuating stimuli (Figure 3) .
Taken together, these data show that the stimulator is capable of producing odorant stimulus kinetics with temporal precision in the millisecond range and a high reproducibility.
Spectral characteristics
Because natural odorant stimuli exhibit concentration changes on multiple time scales, we characterized the stimulator's performance in the frequency domain by calculating the power spectral density of the PID signal to fluctuating stimuli (Figure 4) . We generated fluctuating stimuli by randomly opening and closing the main valves, where every 10 ms the state of the valve was switched or not by a probability of 0.5. Note that even though this switching pattern has a minimum cycle period of 20 ms, the resulting frequency spectrum can contain higher frequencies than 50 Hz (see Supplementary Figure S2 ). The same pseudorandom valve trigger sequence was then used for multiple stimulations to examine the reproducibility. The power spectral densities (PSDs) revealed a broad frequency range of elevated power of the odorant signal compared with the noise (Figure 4A) . Frequencies well over 100 Hz were still above noise level, even though they were strongly attenuated compared with lower frequencies. Although this suggests that it is possible to generate stimuli with very high frequency components, it is unclear whether these high frequencies are generated by the switching of the valves and thus under the control of the experimenter or whether they are the result of turbulent air flow within the stimulator.
To quantify which of these frequencies are actually reproducible, we performed a coherence analysis on a set of measurements with 27.7 ± 0.9 37.8 ± 2.9 38.5 ± 1.5 78.9 ± 1.6 2 26.9 ± 1.6 27.4 ± 0.8 41.0 ± 3.1 37.4 ± 1.5 78.4 ± 1.7 HEPN 1 44.6 ± 3.0 39.1 ± 0.7 84.0 ± 8.1 37.6 ± 0.6 78.9 ± 2.2 2 44.2 ± 4.1 37.9 ± 0.6 88.0 ± 8.9 37.9 ± 1.9 77.4 ± 2.2 BeAM 1 49.2 ± 3.9 40.1 ± 0.9 87.6 ± 10.4 38.3 ± 2.1 78.6 ± 1.0 2 50.1 ± 3.2 39.1 ± 0.4 88.1 ± 8.4 37.9 ± 1.6 78.4 ± 1.3
All values are mean ± SD. the following strategy: The valves of each channel were switched by a 20-s long segment of randomly closing and opening the valves as described above, thus generating fluctuating odorant concentrations ( Figure 4B ). The stimulus sequences for the channels differed in their time points of switching (Figure 3 ), but they had the same spectral characteristics ( Figure 4A ). These stimuli were repeated 5 times for each channel individually, and within each channel, we calculated the coherence for all pairwise trial combinations. These values were then compared with the expected chance level, which was obtained by calculating the coherence between 2 time courses that only share comparable frequency characteristics but are different in their time courses. This was achieved by mixing the trial labels and subsequently calculating the coherence across the different channels. We defined coherence as significant when it was larger than the chance coherence plus 3 SDs. We repeated this analysis for the panel of 6 odorants and found significant coherences for frequencies up to 76-79 Hz (see also  Table 1 ). Thus, even though the odorants show volatility-dependent differences in their kinetics ( Figure 2B ), these differences hardly influence the time course of fluctuating stimuli (Figure 3) . Consequently, stimuli with fluctuating concentration changes can be constructed with the same bandwidth limit for odorants with different vapor pressures, at least for the tested range of 0.172 (benzaldehyde) to 213.2 (methyl acetate) mmHg at 25 °C (Table 1) .
Channel independence allows arbitrary odorant mixing
To show that the stimulator can generate arbitrary temporal mixtures, we needed to exclude that the individual channels affect each other's stimulus dynamics, for example, by uneven turbulent flow from different channels being directed into the mixing chamber. To verify the absence of such possible interchannel influences, we tested whether the PID signal that is measured when both channels are activated is equal to the sum of the signals from the individual channels.
Because the PID has a nonlinear response curve, this is only possible if this nonlinearity is corrected for. We thus calibrated the PID with known concentrations of 2-heptanone (Supplementary Figure S1 ) and tested whether our predicted summed response is equal to the actual physical sum of the channels ( Figure 5 ). First, we added a shorter pulse stimulus onto a longer background stimulus ( Figure 5A ). We tested for channel equality using either of the two channels for generating the pulse and background channel. We measured the PID response to opening the individual channels alone and to opening both channels together. The dynamics of the response to the pulse with background mixture was equal to the predicted response ( Figure 5A and B) .
We quantified the onset precision for odorant pulses in the presence of a background odorant ( Figure 5A ) by extracting the time point at which the concentration of the pulse rose above 10% of the final concentration. We chose the 10% level (not 5% as in Figure 2B ) due to the higher baseline variance during the background stimulus. The onset times for pulses with and without background were in the same range ( Figure 5B ), suggesting that the precision of a single channel is not influenced by the other channels state. The higher variance of the onset precision of the pulse on the background presumably reflects a higher variability of the baseline during the background odorant than in the background-free situation. Note that there was a minor deviation between the predicted and the measured signal at the onset of the shorter pulse ( Figure 5A ). This could be an effect of the PID being already preadsorbed by the background stimulus, and this is consistent irrespective of channel order.
Next, we tested the channels' mutual influence for fluctuating stimuli. Here, the predicted mixture signal is almost identical to the measured one ( Figure 5C ), indicating that reciprocal channel influence is negligible for such fluctuating stimuli.
Background odorant affects the temporal resolution of antennal responses in honey bees
We next tested the stimulator in a biological experiment, where we measured the influence of a background odorant on the dynamic responses of honey bee's olfactory receptor neurons. We recorded EAGs during fluctuating stimuli of the odorant methyl butyrate, during which we added a constant ethyl acetate background ( Figure 6A ). To quantify the influence of the background, we calculated the coherence between the PID and the EAG signal for a time segment before (pre), during (mix), and after (post) the additional background odorant ( Figure 6B ). This analysis revealed a decrease in the 10-50 Hz range in the EAG signal during the presence of a background odor.
Fast olfactory processing in the mushroom body
Various studies in insects demonstrated high temporal resolution in olfactory receptor neurons (Lemon and Getz 1997; Bau et al. 2002; Hinterwirth et al. 2004; Schuckel et al. 2008 Schuckel et al. , 2009 Kim et al. 2011; Getahun et al. 2012; Szyszka et al. 2014) , and in the first central olfactory processing stage, the antennal lobe (Christensen and Hildebrand 1988; Heinbockel et al. 1999; Tripathy et al. 2010; Houot et al. 2014 ). However, it remains unknown how much of the temporal stimulus dynamics is represented in higher order olfactory processing centers. We therefore measured the temporal resolution of odor-processing Kenyon cells in the mushroom body, a brain region for odor learning and identification (Erber et al. 1980; StrubeBloss et al. 2011; Campbell et al. 2013) .
To measure the temporal resolution of Kenyon cells, we stimulated a honey bee with different high-frequency odorant pulses and recorded the local field potential (LFP) in the vertical lobe of the mushroom body (Figure 7 ). This signal presumably represents the summed Kenyon cell activity or the activity of the mushroom body output neurons (Kaulen et al. 1984) . Then, we calculated the power spectral density of the obtained LFP recording and tested whether the input frequency of the stimulus is present in the potential from the vertical lobe. For stimulus frequencies of up to 60 Hz, a corresponding peak in the PSD was present (Figure 7) , demonstrating that at least on a neuronal population basis, information about the temporal structure of an odorant stimulus is still present. The lack of a corresponding 80 Hz peak in the PSD does not necessarily mean that we have reached the upper limit of Kenyon cell temporal resolution, because it is still possible that single Kenyon cells follow pulses at higher frequencies, but their signal is hidden within the noise. Alternatively, the stimulus amplitude that we generate at 80 Hz might be too small to elicit pulse following. . High temporal resolution in higher order olfactory neurons. LFPs to pulsed odor stimuli recorded in the vertical lobe of the honey bee's mushroom body. Top and middle: example section of LFP traces during stimulation with air and 2-heptanone to continuous and pulsed stimuli 0.8-1.2 s after stimulus onset. The line indicates the mean and the shaded area the SD of 10 trials. Bottom: power spectral densities calculated for a 1.6-s long segment of the air-and odorant-evoked LFP signals. At stimulus frequencies of up to 60 Hz, the PSD of the LFP signal showed a peak at the input frequency (arrows) and its harmonics, at 80 Hz that peak was missing. 
Discussion
We here present a novel type of olfactory stimulator that is specialized on temporal stimulus control for odorants in a binary mixture. This stimulator is capable of controlling 2 odorant stimuli independently with high-bandwidth dynamics, so that it enables addressing questions on how mixture component time courses affect odor perception and processing in the olfactory system.
Importance of temporally precise olfactory stimuli in olfaction research
Insects have a fast smelling capability (Baker et al. 1998; Fadamiro et al. 1999b; Nikonov and Leal 2002; Andersson et al. 2011; Szyszka et al. 2012; Saha et al. 2013) , and insect olfactory receptor neurons have short response latencies and broad bandwidth pulse-tracking capabilities (Schuckel et al. 2008; Szyszka et al. 2014) . Second-order olfactory neurons in the insect brain also transmit information about temporal stimulus cues with broad bandwidth: some projection neurons in the insect antennal lobe can resolve changes in odorant concentration at frequencies ranging from 5 and 30 Hz (Christensen and Hildebrand 1988; Heinbockel et al. 1999; Geffen et al. 2009; Tripathy et al. 2010) , and projection neurons are sensitive for odoronset asynchrony in the range from seconds to milliseconds (Geffen et al. 2009; Szyszka et al. 2012; Nowotny et al. 2013; Saha et al. 2013) .
As the neural processing of odors relies on timing on a millisecond timescale, odor-processing studies critically depend on the temporal stimulus integrity in an experimental setup. The common procedure to generate odorant mixtures by injecting the components simultaneously from different channels into a common carrier air stream bears the danger of creating mixtures in which the onsets of the single components differ in an uncontrolled manner, and such an "asynchronous mixture" would create a different odor percept than a mixture in which the onsets of the single components are synchronous (Szyszka et al. 2012) . On the other hand, premixing the odorants in the solvent does not allow for creating complex temporal stimuli and bears the danger of chemical reactions between the 2 odorants. Therefore, it is necessary to develop odorant-delivery devices that are capable of producing fast and millisecond-precise odorant stimuli, including mixtures.
Advantages of the stimulator
We quantified the stimulator's temporal resolution of pulsed and fluctuating odorant stimuli, and we performed a coherence analysis to quantify stimulus reproducibility. Reproducibly fluctuating stimuli can be constructed with a bandwidth of 76 Hz for all odorants tested that had volatilities in the range of 0.172 -261.2 mmHg. We also show that the 2 odorant channels do not influence each other and thus allow generating arbitrary mixtures of independently fluctuating components.
The ability to generate reproducible arbitrary time courses of odorants in a mixture is the most important feature of the stimulator, as this allows us to generate fluctuating odor stimuli with naturalistic statistics to which the olfactory systems have evolved. So far, only few studies have investigated neural representations of naturalistic olfactory stimuli (Geffen et al. 2009 ). Both the visual and auditory system can use temporal correlation for object segregation (Di Lollo et al. 1994; Bizley and Cohen 2013) , and it appears that the insect olfactory system also can use temporal stimulus cues for olfactory object segregation (Baker et al. 1998; Nikonov and Leal 2002; Schuckel et al. 2008; Szyszka et al. 2012) . Because this stimulator makes it possible to construct stimuli with a variable degree of correlation between the temporal patterns of 2 odorants, it allows studying how olfactory systems use temporal correlation for odor object segregation.
Note that the stimulator has some limitations when compared with other odor-delivery devices: The upper limit of the temporal resolution of our stimulator is around 76 Hz, and this is below the temporal resolution of insect antenna, which can resolve odorant fluctuations well above 100 Hz (Szyszka et al. 2014 ). Higher temporal resolution of the odorant stimulus can be reached by applying the odorant directly via a single valve (Szyszka et al. 2014) . However, such single-channel stimulators cannot be used for generating odorant mixtures with independently controlled compounds. Additionally, the absence of a balanced total flow in a single-valve stimulator always results in a mechanical stimulus component, creating a multimodal stimulus. Another disadvantage is the limitation to binary mixtures. This could be overcome by upscaling the total size of the main bodies, thus generating more room for valves while keeping the other design features identical. However, as this will lead to a larger body, the device will be less compact, and the resulting increase in dead volumes will lower the temporal precision. Also, our design does not feature any control of the total concentration. However, a concentration premixer can simply be attached to the odorant input port of our design, and thus, odor concentration could be easily controlled.
Applications
To demonstrate the applicability of the stimulator for studying the temporal sensitivity of the olfactory system and to provide a biological validation, we performed electrophysiological experiments using the honey bee.
We tested the effect of a background odor on the temporal resolution of EAG signals, and we found that a background odorant decreased the temporal resolution of EAG signals in honey bees in the 10-50 Hz range. This effect is in contrast to a previous report in moth, where background odorants did not affect the temporal resolution of EAG signals (Riffell et al. 2014) . Different mechanisms could contribute to this effect: Mixing odorants could alter the strength and the dynamics of insect olfactory receptor neuron responses through inhibitory mixture interactions (van der Pers and den Otter 1978; de Jong and Visser 1988; Kaissling et al. 1989; Carlsson and Hansson 2002; Silbering and Galizia 2007; Rospars et al. 2008; Party et al. 2009; Andersson et al. 2010; Hillier and Vickers 2011; Rouyar et al. 2011; Su et al. 2012; Pregitzer et al. 2012; Münch et al. 2013 ) and through excitatory mixture interactions (Kaissling et al. 1989; Ochieng et al. 2002) . Our stimulator can help investigating how temporal stimulus structure affects these different mixture interactions, for example, to understand under which circumstances a background odor affects the temporal resolution, one should test the responses of individual and ideally identified ORNs, for example, in fruit flies (de Bruyne et al. 2001; Hallem and Carlson 2006) .
We found a pulse-tracking capability of 60 Hz in the mushroom body output region, demonstrating that third-order neurons of the olfactory pathway can preserve high-frequency temporal structure of an odorant stimulus. Pulse tracking at 60 Hz in the mushroom body is faster than the maximum odor-tracking frequencies of 10 to 30 Hz reported so far in interneurons of the first olfactory brain region, the antennal lobe (Christensen and Hildebrand 1988; Heinbockel et al. 1999; Tripathy et al. 2010 ).
The stimulator might also be useful for studying mammalian olfaction. It is not yet known whether mammals use temporal stimulus properties for odor-background segregation as do insects. However, the fact that mammals can process odor information within a few tens of milliseconds (Resulaj and Rinberg 2015) suggests that mammals can use fast temporal stimulus cues, too. Our stimulator might help investigating the temporal resolution of mammalian olfactory processing and whether and how mammals use temporal stimulus cues to gain information about the number and location of odor sources.
By providing the technical plans to replicate the stimulator, we hope that it can help researchers to gain a higher degree of olfactory stimulus control and reproducibility, allowing to generate equal odorant stimuli at different experimental setups and across different labs.
Supplementary material
Supplementary material can be found at http://www.chemse. oxfordjournals.org/. All technical files necessary for the reproduction of this stimulator can be found at https://github.com/grg2rsr/ OlfactoryStimulator
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